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Vertebrate opsin genes often occur in sets of tandem duplicates, and their expression varies developmen-
tally and in response to environmental cues. We previously identiﬁed two highly conserved regions
upstream of the long-wave sensitive opsin (LWS) gene cluster in teleosts. This region has since been shown
in zebraﬁsh to drive expression of LWS genes in vivo. In order to further investigate how elements in this
region control opsin gene expression, we tested constructs encompassing the highly conserved regions
and the less conserved portions upstream of the coding sequences in a promoter-less luciferase expression
system. A4500 bp construct of the upstream region, including the highly-conserved regions Reg I and Reg
II, increased expression 100-fold, and successive 50 deletions reduced expression relative to the full 4.5 Kb
region. Gene expression was highest when the transcription factor RORa was co-transfected with the
proposed regulatory regions. Because these regionswere tested in a promoter-less expression system, they
include elements able to initiate and drive transcription. Teleosts exhibit complex color-mediated adaptive
behavior and their adaptive signiﬁcance has been well documented in several species. Therefore these
upstream regions of LWS represent a model system for understanding the molecular basis of adaptive
variation in gene regulation of color vision.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Color vision is mediated by opsin genes, which code for G-pro-
tein coupled receptors expressed in cone and rod cells of the retina
(Yokoyama, 2000). Descriptions of opsin genes across a broad
range of vertebrate taxa have shown that changes in gene copy
number (duplication and deletion), protein divergence, and differ-
ential expression have shaped diverse visual repertoires across
species, allowing for adaptations to speciﬁc photic environments
(Bowmaker, 2008). Presently, ﬁve classes of opsins have been de-
scribed in vertebrates. Four of these are expressed in retinal cone
cells and are essential to color vision (cone opsins): two short
wave-sensitive opsin classes, SWS1 and SWS2; rhodopsin-like op-
sins, RH2; and long wave-sensitive opsin class, LWS. The ﬁfth class,
rhodopsin (RH1), is expressed only in rod cells and contributes pri-
marily to scotopic vision (Yokoyama, 2000).
LWS opsin genes are associated with detection and discrimina-
tion of colors in the frequency range corresponding to yellows, or-
anges and reds, and have undergone multiple lineage-speciﬁcll rights reserved.duplication events across vertebrate evolution, although these
have been reported primarily in primates and ﬁsh (Chinen et al.,
2003; Dulai et al., 1999; Matsumoto et al., 2006; Nathans et al.,
1989; Owens et al., 2009; Watson et al., 2010). In old world prima-
tes, including humans, the LWS opsin gene has duplicated and di-
verged, resulting in paralogous proteins sensitive to middle and
long wave lengths (referred to as MWS/LWS in primates). This
has facilitated the evolution of trichromacy in old world primates,
in which color vision is based on three major opsin types (SWS1,
MWS and LWS) (Dulai et al., 1999). In ﬁsh, zero to four LWS genes
have been reported in different taxa (Bowmaker & Loew, 2008;
Hofmann & Carleton, 2009). Motivated by the observation that
visually-mediated sexual selection is important in many species
of live-bearing ﬁsh (family Poeciliidae), and that male coloration
often has a strong orange/red bias in these species, we previously
characterized LWS genomic organization in two species of this
family: the swordtail Xiphophorus helleri, and the guppy Poecilia
reticulata (Watson et al., 2011). In both species, we identiﬁed four
LWS opsins, three of which are clustered in a tandem array and are
linked to a second tandem array consisting of two SWS2 opsin gene
duplicates. This physical linkage of SWS2 and LWS opsin subtypes
has been observed in representative species of all vertebrate
taxonomic groups and is considered to represent the ancestral
vertebrate gene arrangement (Wakeﬁeld et al., 2008).
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mental to the evolution of novel function in opsin proteins, these
processes have also resulted in the occurrence of linked opsin gene
clusters (Chinen et al., 2003; Dulai et al., 1999; Matsumoto et al.,
2006; O’Quin et al., 2011; Vollrath, Nathans, & Davis, 1988; Watson
et al., 2010). Such genomic arrangements provide a framework for
addressing questions related to the underlying molecular mecha-
nisms that direct the expression of opsin duplicates. Primate tri-
chromatic vision, for example, is dependent on the selective
expression of a single X-linked LWS or MWS gene in a given cone
cell and requires a cis-acting locus control region (LCR) located up-
stream of the LWS/MWS gene array (Wang et al., 1992; Winderickx
et al., 1992). Mutations in the human LWS/MWS LCR were ﬁrst
identiﬁed as the cause of the disorder, blue-cone monochromacy,
resulting in the complete loss of LWS/MWS expression (Nathans
et al., 1989). This region has been identiﬁed in other mammals,
including monotremes and marsupials, and exhibits strong phylo-
genetic sequence conservation (Davies et al., 2007; Dulai et al.,
1999; Wakeﬁeld et al., 2008; Wang et al., 1992).
Phylogenetic footprinting-based approaches have also been
used to identify two conserved sequences in the intergenic region
between the SWS2 and LWS genes in teleost ﬁshes termed Reg I
and Reg II (O’Quin et al., 2011; Watson et al., 2010). These two re-
gions are highly conserved across all teleost species for which a
complete genome is available, and one of the regions is also con-
served in amphibians and reptiles (Watson et al., 2010). Both con-
served regions contain predicted transcription factor binding sites,
suggestive of putative function (O’Quin et al., 2011; Watson et al.,
2010). Interestingly, recent work using transgenic zebraﬁsh, Danio
rerio, showed that a 300 bp region overlapping one of these con-
served sequences is required for expression of two duplicated
LWS opsin genes (Tsujimura, Hosoya, & Kawamura, 2010).
In this study, we used luciferase-based reporter gene assays to
further investigate the function of these conserved regions in the
live-bearing teleost, X. helleri. We examined the potential for these
LWS-upstream regions to bind transcription factors known to play
a role in opsin expression, and demonstrated that one of these pro-
teins, RAR-related orphan receptor alpha (RORa), is capable of bind-
ing X. helleri LWS-1 opsin upstream sequences, enhancing reporter
gene activity in vitro. Lastly, within one of the previously identiﬁed
regions mentioned above, we identify a single element that is
capable of binding protein and initiating transcription in vitro in
the absence of a minimal promoter, suggesting that this region
serves in the recruitment of RNA polymerase II, transcriptional ini-
tiation and elongation.
2. Methods and materials
2.1. Construction of reporter plasmids
Reporter constructs were ampliﬁed by PCR using DNA isolated
from X. helleri BAC clone, VMRC27–186P13 (GenBank Accession:
GQ999832; Watson et al., 2010). Constructs mapping to different
portions of the X. helleri LWS-S180-1 gene (referred to here as
‘‘LWS1’’) upstream region (Fig. 1) were generated by PCR and cloned
into the reporter vector pGL2-BASIC (Promega E164A) containing a
promoter-less luciferase reporter gene. Constructs are identiﬁed
by their 50 and 30 base pair positions relative to the translation start
site of LWS1. Short insert constructs (<60 bp) were prepared for
cloning by the annealing of complementary oligonucleotides rather
than by PCR ampliﬁcation; however cloning and subsequent steps
were carried out in the same way as the PCR-ampliﬁed fragments.
Reporter constructs were cloned so that DNA fragments were in
the same orientation relative to the luciferase reporter gene in
pGL2 as LWS1 in the endogenous setting. All constructs were se-
quenced at Molecular Cloning Laboratories (San Francisco, USA),and data were aligned and analyzed using SeqMan Pro, version
8.0.2 (Lasergene, DNASTAR). Homo sapiens RORa (OriGene:
SC123126 NM_134261), and the murine TRb2 (in pcDNA3) were
used for co-transfection experiments.
2.2. Transient transfections and luciferase assays
Transient transfection and reporter gene assays were performed
as previously described (Beischlag et al., 2002, 2004). In brief, HEK
293T cells (293Ts) were kindly provided by Dr. F. Lee, Simon Fraser
University, and maintained in DMEM supplemented with 10% fetal
bovine serum, 100 U penicillin/ml, 100 lg/ml streptomycin and
grown at 37 C and 5% CO2. Cells were seeded in 1.6 cm2 to a 20%
conﬂuency in 5% charcoal-stripped FBS, penicillin/streptomycin,
2 mM L-glutamine DMEM without phenol-red. Twenty-four hours
after seeding, transfection was carried out using Polyfect Transfec-
tion Reagent (QIAGEN) as per manufacturer’s instruction. Two
hundred nanograms of b-galactosidase expression vector was co-
transfected in each reaction for normalization. Either 200 ng of re-
porter construct or empty vector (pGL2-BASIC) was transfected per
well. For transcription factor co-transfections, 200 ng of the appro-
priate expression vector was transfected per well. Total DNA per
well was brought to 1 lg with empty vector DNA. Where appropri-
ate, cells were treated with ligand 5 h post-transfection. TRIAC
(3,30,5-triiodothyroacetic acid) or 9-cis-retinoic acid was added to
a ﬁnal concentration of 107 M and vehicle (0.4 mM NaOH or
DMSO) to 0.1% v/v. Twenty-four hours following transfection or li-
gand treatment, cells were washed twice with PBS and harvested
in 0.1% Triton X-100, 50 mM TRIS, 50 mM MES, 1 mM dithiothrei-
tol. Lysate was centrifuged @ 17,000g at 4 to separate debris and
the supernatant was collected. One hundred microliters of the
supernatant was combined with 7.5 ll of 0.75 M TRIS, 0.75 M
MES, 0.15 M magnesium acetate, 40 mM ATP, and 25 ll 1 mM bee-
tle luciferin (Promega, E1601) in 5 mM potassium phosphate pH
7.5; luminescence was measured on a GLOMAX 20/20 lumino-
meter (Promega). Luminescence was normalized using b-galactosi-
dase activity. Experiments were performed in triplicate and values
were expressed as fold increase over control plasmid. Normalized
readings were compared using a student’s t-test.
2.3. Electrophoretic mobility shift assay
Preparation of DNA-binding proteins from 293T cells for electro-
phoretic mobility shift assay (EMSA) was performed as previously
described (Andrews & Faller, 1991). Brieﬂy cells were washed with
PBS, then allowed to swell for 10 min in excess 10 mM HEPES-KOH
pH 7.9, 1.5 mMMgCl2, 10 mMKCl, 0.5 mMDTT, and protease inhib-
itor cocktail. Samples were vortexed, then centrifuged (4400 rpm,
15 min). Pellets were re-suspended in 1–3 pellet volumes of
20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM
EDTA, 0.5 mM DTT, 25% glycerol, and protease inhibitor cocktail
and incubated on ice for 20 min. Samples were centrifuged at
17,000g and supernatants collected and stored at 80 C.
For 32P-dCTP end labeling of oligos, reactions were prepared
using 7 pmol of double stranded oligo, 1 NEB T4 RNA ligase buf-
fer, 170 nM of dATP, dGTP and dTTP, 4 ml 32P-dCTP and 1 unit of
Klenow fragment (Roche) in a 25 ll reaction. The reaction mixtures
were incubated at 37 C for 20 min, followed by addition of 25 ll
ddH2O and incubation at 65 C for 15 min. Labeled probes were
separated from free label using Illustra Microspin G-50 columns
(GE Healthcare) according to manufacture protocol.
EMSA was performed using 12 lg of nuclear extracts in the
reaction containing 10 mM TRIS–HCl pH7.0, 1 mM DTT, 5 mM
MgCl2, 50 ng ml poly-dIdC, 2.5% glycerol, 0.05% Igepal, 0.05 M KCl
and 50 K cpm of labeled oligonucleotide. The binding reactions
were incubated at 37 C for 20 min, and reaction mixtures were
Fig. 1. Alignment of the LWS1 upstream locus control region (LCR) across various teleost species. Below are linear schematics of the deletion mutants of the LWS1 upstream
regulatory region generated and fused to a promoter-less ﬁreﬂy luciferase gene.
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tition, cold competitors were added at 50- and 100-fold molar ex-
cess as indicated. Dried gels were exposed to a phosphor storage
cassette in the dark for 12 h and then scanned using Molecular
Dynamics Storm 860 Phosphor imager.3. Results and discussion
The extreme phylogenetic conservation of regions between the
SWS2 and LWS gene clusters across teleosts suggests a role for
these conserved elements in the regulation of upstream and down-
stream opsin genes (O’Quin et al., 2011; Watson et al., 2010). Broad
functional analyses in vivo recently identiﬁed the LWS-activating
region (LAR) in zebraﬁsh, which spans a portion of these conserved
elements, and is required for retina-speciﬁc expression of the
duplicated LWS genes in this species (Tsujimura, Hosoya, &
Kawamura, 2010). However, these regions have not been studied
in detail in terms of the contribution of the conserved elements
to gene transcription. Therefore, we used luciferase expression as-
says to explore the regulatory capability of the 4.5 kb region lying
upstream of LWS1 in the swordtail, X. helleri, up to and including
the previously described regions of high conservation, Reg I and
Reg II. We discovered that this 4.5 kb region is capable of driving
reporter gene activity in vitro up to 100-fold, and progressive 50
deletions, in particular those that excluded Reg I and Reg II se-
quence, led to decreased expression. Gene expression was highest
when the transcription factor RORa was co-transfected with the
proposed regulatory region. Finally, a 45 bp element from Reg II
was capable of transcriptional initiation and elongation from a pro-
moter-less reporter gene suggesting that this upstream region har-
bors a bona ﬁde transcriptional initiation site.3.1. Upstream region of X. helleri LWS1 opsin induces reporter gene
activity
To assess the potential function of Reg I, Reg II and proximal
LWS1 upstream sequences we generated a series of luciferase re-
porter constructs from these regions using sequence from X. helleri
(Fig. 1). We then transiently transfected these constructs into 293T
cells in a luciferase assay analysis. The longest construct generated,
which spanned from 4353 bp to the LWS1 translation initiation
site (i.e. construct labeled 4353/+11), showed the highest lucifer-
ase expression at 94.8-fold induction over the promoter-less
expression vector, pGL2-BASIC (Fig. 2). Progressive deletions to
the 50 end of the LWS1-upstream region correlated to a steady de-
cline in fold induction. Of particular interest was that the deletion
of Reg I and Reg II from construct 4353/+11 resulted in a 75% loss
of luciferase activity (Fig. 2). The robust activity conferred by these
regions, in combination with the strong sequence conservation
across teleosts, indicate that they play an essential role in LWS1
expression. It is worth noting that constructs with Reg I and Reg
II deleted (e.g. 3109/+11 and 1552/+11) were still able to signif-
icantly increase luciferase expression 25- and 11-fold over back-
ground, respectively (Fig. 2), showing that elements independent
of Reg I and Reg II harbor sequence information that can also mod-
ify gene transcription.3.2. RORa mediates LWS1 upstream region-dependent expression of
downstream genes
To investigate candidate transcription factors which may facili-
tate LWS1 expression, the entire LWS1 upstream region (4353/
+11) was co-transfected with transcription factor expression
Fig. 2. Upstream regions of the LWS1 gene are capable of driving transcription of a
luciferase reporter gene. Luciferase reporter constructs mapping to various portions
of the LWS1 upstream region were transfected into 293T cells for luciferase assay
analysis. Luciferase expression is presented as fold increase over an empty
luciferase vector (pGL2-BASIC); numbering is relative to the translational start site.
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tors in opsin gene expression and retinal development (Swaroop,
Kim, & Forrest, 2010). For example, RORb is known to bind the
SWS proximal promoter in mice (Srinivas et al., 2006), and RORa
has also been shown to bind multiple opsin regulatory regions
in vitro, including the mouse LWS LCR (Fujieda et al., 2009). TRb2
and retinoid X receptor (RXR) are also considered to be essential
factors in the timing of SWS and MWS expression in mammals
(Ng et al., 2001; Roberts et al., 2005; Yanagi, Takezawa, & Kato,
2002), and although control of opsin expression by TRb2 has not
been explicitly investigated in ﬁsh, thyroid hormone is known to
induce opsin class switching in salmon photoreceptors from
SWS1 to SWS2 pigments (Cheng, Gan, & Flamarique, 2009).
In the present study, we tested the ability of the hormone
receptors RORa and TRb2 to modulate luciferase reporter gene
activity in vitro. Transfection of RORa expression vector resulted
in an approximately 14-greater increase in basal activity of the
4353/+11 luciferase reporter compared to transfection with the
negative control (empty pcDNA3) alone (Fig. 3A). However, co-
transfection of TRb2 with and without its ligand (TRIAC) increased
luciferase expression only 1.9- and 0.9-fold, respectively (Fig. 3A).
Expression of RORa and TRb2 was conﬁrmed byWestern Blot anal-
ysis of whole cell lysates from transfected cells (Supp. Fig. 1).Fig. 3. RORa enhances transcription through the LWS1 upstream region. (A) The longes
expression vectors, with and without agonist treatment as described. (B) RORawas co-tra
relative to co-transfection with empty pcDNA3.Co-transfections of these transcription factors in combination with
one another did not increase expression levels above those ob-
served from co-transfection of each of the factors individually (data
not shown).
To deﬁne the genomic regions responsible for RORa induction
in the LWS1 upstream sequence, the same 4353/+11 deletion ser-
ies used in Fig. 2 was co-transfected with RORa cDNA (Fig. 3B).
Each of the four truncated constructs demonstrated RORa-medi-
ated induction of luciferase expression relative to co-transfection
with pcDNA3. The greatest induction by RORa was observed in
the constructs 4353/+11 and 4241/+11 that showed 13.5 and
13.9 times luciferase expression as pcDNA3, respectively. More
modest induction was exhibited by 3861/+11, 3109/+11, and
1552/+11, (six to ten times induction; Fig. 3B). Given the robust
increase in signal in the presence of RORa throughout the LWS1
upstream region in X. helleri, we searched this region and the
homologous sequence in medaka for conserved putative RORa
binding sites using the program Consite (http://asp.ii.uib.-
no:8090/cgi-bin/CONSITE/consite) (Sandelin, Wasserman, & Len-
hard, 2004). The parameters used were, (transcription factor
motifs selected: ‘‘RORa-1 and -2’’), 58% conservation cutoff, win-
dow size of 50%, and 75% transcription factor score threshold. In
doing so we identiﬁed ﬁve potential sites. Two of these were
identiﬁed in Reg I, one in Reg II, and two in the proximal upstream
regions of LWS1 in both species (Supplementary information,
Table 1).
Collectively these results suggest that RORa is capable of up-
regulating LWS1 in vivo. In mammals, RORa is considered to be a
key factor in cone opsin expression, but to our knowledge, this is
the ﬁrst evidence of a role for this TF in teleost LWS opsin expres-
sion. While the identiﬁcation of conserved putative RORa binding
sites lends support to this hypothesis, mutational analyses and
ChIP assays will be required to deﬁne the utility of these sites. Pre-
vious studies have also noted interactions between RORa and the
photoreceptor-speciﬁc TF, CRX, in that CRX is capable of augment-
ing RORa-induced expression from the murine SWS opsin pro-
moter (Fujieda et al., 2009; Srinivas et al., 2006).3.3. Characterization of putative regulatory function in Reg I and Reg II
Due to the high sequence conservation previously reported
across teleosts for Reg I and Reg II these regions may be analogous
to the mammalian LWS LCR (O’Quin et al., 2011; Watson et al.,
2010). As has been observed for enhancers and LCRs in other genet construct depicted in Fig. 1, (4353/+11) was co-transfected with RORa and TRb2
nsfected with each of the constructs illustrated in Fig. 1; fold induction is expressed
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in mammals prior to transcription (Peng & Chen, 2007). Because
we hypothesized that this region may be analogous to the mam-
malian LCR, we decided to test whether Reg I and Reg II in X. helleri
could drive transcription in a promoter-less reporter system, serv-
ing as a proxy for Pol II recruitment. Three initial constructs were
generated from X. helleri DNA (Fig. 4); one that spanned Reg I
(4353/4232); a second that spanned Reg II (4020/3704);
and a third that spanned Reg I, Reg II and intervening sequence
(4353/3704). A distinct regulatory proﬁle was observed from
these three initial constructs (Fig. 4B). Reg I (4353/4232) alone
increased luciferase activity only 1.6-fold over pGL2 BASIC. In con-
trast, Reg II (4020/3704) alone induced a 93-fold increase in
luciferase expression of the promoter-less pGL2 BASIC vector.Fig. 4. (A) Schematic illustration of genomic regions used for high resolution functiona
constructs derived from Reg I and Reg II sequences and a mutant used for high resoluti
mapping to portions of the highly conserved upstream regions were generated. The relat
Reg I (4353/4232), Reg II (4020/3704), and intact region (4353/3704) were clo
intact region was progressively trimmed from the 50 end to reveal a 43 bp high activity-c
nucleotides; (D) transfection with a 30 deletion to 3861/3704 (3861/3712) was co
3745/3704 (3745/3704_mutant), which were also missing from 3861/3712, reIntriguingly, the addition of Reg I and intervening sequence to
Reg II (producing construct 4353/3704) signiﬁcantly lowered
the Reg II-mediated transcription by one half (40-fold; Fig. 4B).
In summary Reg II on its own was able to initiate and maintain
transcription thus increasing reporter gene expression.
The fact that the 93-fold and 40-fold induction observed for
4020/3704 and 4353/3704 constructs were able to drive
transcription suggests the presence of minimal promoter elements
within these sequences. In order to further delineate the function-
ality of the various potential regulatory regions contained within
Reg I and Reg II, we generated additional constructs (Fig. 4). Pro-
gressive 50 deletions from 4353/3704 ultimately led to the iden-
tiﬁcation of a 43 bp fragment localized to the 30-most end of
4353/3704 which contained much of the activity seen in Regl analysis of highly conserved upstream regions. Linear representation of minimal
on analysis of functional regions are depicted above. Luciferase reporter constructs
ive position of putative ROR response elements are indicated by vertical arrows. (B)
ned separately and transfected into 293T cells for luciferase assay analysis. (C) The
ontaining fragment. Constructs were generated to examine functionality of speciﬁc
ncomitant with loss of luciferase activity; transversion mutations of 6 basepairs in
sulted in loss of all luciferase activity.
2300 K.J. Tam et al. / Vision Research 51 (2011) 2295–2303II (Fig. 4C). This construct (3745/3704) increased luciferase
expression 124.4-fold over the promoter-less reporter vector.
Strikingly, transversion mutations of 6 bp within the ﬁnal 13 bp
of the 30 end (Fig. 4) were able to abolish expression seen in the
wild-type construct (Fig. 4D); 3745/3704_mutant produced
luciferase expression levels below those observed for pGL2 BASIC.
The construct exhibiting the highest expression was 3861/3704
at 218 fold. In line with results observed for 3745/3704_mu-
tant, a deletion of 10 bp of 3861/3704, termed 3861/3712
(Fig. 4) coincided with a drop in fold induction from 218 to 2
(Fig. 4D). Next we determined that the identiﬁed activator se-
quence of X. helleri (3745/3704) could bind protein isolated
from HEK293T cell nuclear extract using electrophoretic mobility
shift assays. As expected, a 32P-labeled oligonucleotide containing
the wild-type sequence had protein binding speciﬁcity not ob-
served by the mutant oligonucleotide harboring the same 6 bp
transversion mutation used in luciferase assays (Fig. 5). Speciﬁcity
was conﬁrmed using an unlabeled wild-type competitor. Unla-
beled mutant competitor was unable to compete off the protein
at the same concentration (Fig. 5). Finally, a comparison of the
X. helleri 3745/3704 sequence to medaka revealed strong con-
servation of this region between the two species (see alignment-
Fig. 6). We tested the ability of the conserved homologous region
in medaka to affect reporter gene expression (Fig. 6), and showed
that this construct also increased luciferase activity 17.9-fold over
pGL2 BASIC. A 6 bp mutation (3666/3621_Medaka_mutant)
analogous to that introduced in X. helleri 3745/3704_mutant
was again able to abolish activation (1.4-fold; Fig. 6). Analogous
mutations that abolished expression in both X. helleri and medaka
do suggest the potential of a similar role for this region in LWS reg-
ulation across two distantly related species (Fig. 6). Furthermore,
given that the recently identiﬁed LWS LAR in zebraﬁsh which over-
laps Reg II is required for LWS expression (Tsujimura, Hosoya, &Fig. 5. Electrophoretic mobility shift assay shows a protein bound to a transcrip-
tional DNA element. Wild type labeled oligonucleotide was loaded alone (lane 1),
with 293T nuclear extract (lane 2), and with excess WT or mutated cold competitor
(lanes 3–6). Preparation of lanes 7 through 12 were the same as lanes 1 through 6
except the DNA probe contained a 6 bp substitution (Mutant Probe). Labeled WT
oligonucleotides generated a speciﬁc shifted band (see arrow) by 293T cell nuclear
extract while labeled mutant oligonucleotides did not (compare lanes 2 and 8 for
the presence and absence of a band at arrow); WT cold competitor titrated off
protein (lanes 3 and 4) while mutated cold competitor did not (lanes 5 and 6).
Oligonucleotide sequences used for probes and competitors are shown above.Kawamura, 2010), similar functional characteristics could be ex-
pected of the ‘‘LWS LAR’’. Together these data demonstrate that
these 6 bp are essential for Reg II-mediated transcription.
3.4. Reg II elements are capable of initiating transcription
The 600 bp Reg II-spanning LAR in zebraﬁsh is essential for LWS
opsin gene expression (Tsujimura, Hosoya, & Kawamura, 2010). It
is speculated that, like the mammalian MWS/LWS opsin LCR, this
region is also necessary for selective expression of a given opsin
gene in a given cone cell in the zebraﬁsh retina (Tsujimura, Hosoya,
& Kawamura, 2010). It is unknown whether this region also affects
expression of the tightly linked SWS2 opsin genes. It has been pre-
viously suggested that the homologous LCR region in monotremes,
in which SWS2 and LWS opsin genes are also linked in an identical
fashion, could serve as a dual regulatory element for both gene
subclasses (Wakeﬁeld et al., 2008). The identiﬁcation of a single
regulatory element upstream of the SWS2 gene in zebraﬁsh that
can confer cell-type speciﬁcity suggests that such a model does
not operate in that species (Takechi, Seno, & Kawamura, 2008),
but no direct test for a role of the LAR in SWS2 expression has been
conducted. Our data have indicated that Reg II, which is conserved
within the zebraﬁsh LAR, is capable of RNA Pol II recruitment and
elongation in the direction of LWS1. We next tested whether this
region could also initiate transcription in the direction of SWS2
by cloning the construct 3745/3704 into pGL2-BASIC in the re-
verse orientation (3745/3704_reverse). Luciferase expression
generated by transfection of this construct was not signiﬁcantly
different than that of pGL2-BASIC (Fig. 7A), revealing, at least
in vitro, that 3745/3704 is able to initiate transcription in only
one direction. While this result does not conclusively exclude a
role for Reg II in SWS2 regulation, it does imply that downstream
effects of Reg II-mediated Pol II recruitment and elongation may
only directly impact LWS gene expression. However, this question
warrants further study.
Multiple non-canonical models of transcription initiation with-
in functional gene enhancers and locus control regions have been
described (Dean, 2006). For example, Ho et al. (2006) described a
system of polymerase tracking using an alternative upstream Pol
II binding site as a mechanism for the regulation of the human
growth (GH) hormone gene. Blocking Pol II tracking by insertion
of a transcriptional termination site immediately downstream of
the LCR abolished GH expression. In this system, the hGH-N in
the human growth hormone locus is regulated by an LCR 13 kb
upstream of the conventional hGH-N transcriptional start site ini-
tiates transcription and also functions in the formation of a higher
order looping structure with the hGH-N proximal promoter. The
alternate transcriptional start site is essential for looping and nor-
mal hGH-N expression. A proposed model explaining this is the
transcription-capable LCR represents a ‘‘Pol II enriched subnuclear
transcription factory’’ or that local accumulation of Pol II on alter-
native transcriptional start sites promotes downstream expression.
Therefore, it is possible that the opsin LCR of X. helleri (and likely
other teleosts) may employ similar means of achieving the desired
spatial and temporal expression of the LWS1 gene. We cloned a
portion of the murine growth hormone (GH) LCR that is homolo-
gous to the human GH LCR described by Ho et al. (2006). Interest-
ingly, like Reg II in X. helleri, the murine GH LCR was capable of
directing luciferase reporter gene expression in the absence of a
minimal promoter. However, the construct 3745/3704 from X.
helleri induced much higher expression levels than the growth hor-
mone GH LCR construct; 162- versus 7-fold induction, respectively
(Fig. 7B). These data suggest that 3745/3704 may serve a role in
LWS expression similar to that reported for the GH LCR.
Another potential model for opsin expression is described for
the expression of Rho (Tummala et al., 2010). In this system RNA
Fig. 6. Functional analysis of a homologous region from Medaka genomic DNA within Reg II. Luciferase reporter genes were transfected into 293T cells as indicated and cell
extracts assayed for luciferase activity. (Below) DNA sequence alignment of orthologous regions of X. helleri and Medaka as well a 6 bp substitution construct
(Medaka_mutant) used for driving expression of a promoter-less luciferase reporter.
Fig. 7. A DNA element in Reg II is sufﬁcient to direct transcription of a promoter-
less reporter gene. Reporter genes were transiently transfected into 293T cells and
cell extracts assayed for luciferase activity. (A) The 3745/3704 DNA element was
able to drive transcription but not when it was inserted in the reverse orientation
(see Fig. 4 for schematic illustration). (B) The strength of transcription was
compared to the murine growth hormone LCR, an orthologous DNA element
previously shown to be important for transcription. Luciferase values were
normalized against a reporter gene lacking a promoter (pGL2) in each case.
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and the Rhodopsin enhancer region located roughly 2 kb upstream
of Rho in the formation of a chromatin loop which is required for
maximal Rhodopsin expression. Our results are consistent with
this model in that we have described a proximal and a distal region
upstream of LWS1 separated by approximately 1500 basepairs, and
both were shown to bind RNA Polymerase II by virtue of the fact
that both are capable of initiating transcription of downstream
genes.
The recruitment of Pol II to upstream regulatory regions is an
emerging area of research (Dean, 2006). As mentioned above, Pol
II has been mapped to both the SWS and MWS opsin enhancer
(Peng & Chen, 2007). Interestingly, our data indicate that Pol II is
capable of binding to Reg II sequences in vitro in two distantly re-
lated ﬁsh species. However, the functional utility of Reg II’s ability
to support Pol II binding and transcription is unclear. In mammals,
the MWS/LWS LCR is thought to enable selective opsin expression
through the direct interaction with proximal gene-speciﬁc promot-
ers via inter-chromosomal looping (Smallwood, Wang, & Nathans,
2002). A similar mechanism is assumed to operate for the zebraﬁsh
RH2 LCR and LWS LAR (Tsujimura, Chinen, & Kawamura, 2007;
Tsujimura, Hosoya, & Kawamura, 2010). Under such a chromatin
looping model, it is possible that Reg II may simply serve to recruit
Pol II for the subsequent transfer of Pol II to core promoters of LWS
genes. In other systems, the recruitment of Pol II serves a more ac-
tive role in directing alterations to chromatin, whereby the move-
ment of Pol II along the DNA results in changes to the epigenetic
landscape (Elefant, Cooke, & Liebhaber, 2000). For example, the
recruitment of transcriptional machinery to LCRs and enhancers,
and the initiation of the transcription of non-coding RNAs has also
been associated with the opening of silenced DNA with condensed
chromatin structure, in turn facilitating maximal transcription
from primary transcriptional start sites within core promoters of
neighboring genes (Ho et al., 2006; Schmitt, Prestel, & Paro,
2005). With respect to Reg II it is also possible that this region
can serve as a bona ﬁde start site for the production of LWS1 coding
RNAs. Indeed, the transcriptional start site for LWS opsins in ﬁsh, to
our knowledge, is unknown.
2302 K.J. Tam et al. / Vision Research 51 (2011) 2295–23034. Conclusion
Visual acuity and color perception begins in the retina through
the coordinated expression of deﬁned subsets of opsin genes (Bow-
maker & Loew, 2008). Fish genomes have been shown to contain
up to 11 separate cone opsin genes distributed among several tan-
dem loci. The presence of these genes has been altered over time
due to duplication and deletion events, and it has been shown
for multiple species that the expression of these genes changes
dramatically on an ontogenetic time scale (Cheng, Gan, & Flamari-
que, 2009; Fuller et al., 2004; Laver & Taylor, 2011; O’Quin et al.,
2011; Parry et al., 2005; Spady et al., 2006), presumably as an
adaptation to changing light environments. Therefore it is pre-
dicted that these loci possess complex regulatory mechanisms that
coordinate their expression.
Our data suggest negatively andpositively actingDNA sequences
and an alternative transcriptional start site in the LWS1 upstream
region, aswell as RORa involvement in LWS1gene expression. Addi-
tional investigation is required to fully understand how these ele-
ments interact in vivo to control opsin gene expression. Inspection
of thenon-coding regionsofDNA in theopsin locus reveals anumber
of potential hormone response elements; indeed, at least six puta-
tive hormone response elements exist in Reg II alone, whose roles
in opsin gene expression remain to be tested. In general, the ap-
proaches we took have inherent limitations and cannot fully repli-
cate the true endogenous setting, including the complement of
transcription factors present, higher orderDNAstructure, epigenetic
modiﬁcations, and other cell, tissue, or species-speciﬁc conditions,
that can only be explored by in vivo and transgenic approaches.
However, this gene cluster including three LWS opsins represents
an ideal system to investigate the complex underlying mechanisms
of opsin gene expression.
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